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ABSTRACT
Bresler, Brandon G. M.S., Department of Chemistry, Wright State University, 2020.
Organic Blue TADF Chromophore Tag For Monitoring Transfection Studies.

A novel organic TADF chromophore was synthesized via a 3-step process to emit a blue
fluorescent light upon excitation. The chromophore was covalently attached to a 61% isobutyryl
amidated poly(ethyleneimine) (PEI-IBAm0.61) non-viral gene vector utilized in gene transfection
experiments. The gene vectors are loaded with a green fluorescent protein (GFP) and are
monitored via fluorescence microscopy. The addition of the blue chromophore therefore allows
for the monitoring of the movements of the PEI-IBAm 0.61 through the full delivery mechanism of
the GFP inside the cells. This can give vital information about the overall toxicity of these nonviral gene vectors to biological organisms upon release of the GFP by allowing for the
observation of the ultimate fate of the polymer in a biological system.
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1. Background
1.1.

Gene Delivery

Gene therapy is the intracellular delivery of genomic material to specific cells in order to
correct an abnormality of a cell and/or treat and prevent disease. This is done by utilizing the
cells natural defense system of endocytosis to restore mutated DNA back to a “normal” state via
the integration of calibrated DNA plasmid(s).2,3 Endocytosis is the active transportation of
extracellular molecules into the cell via engulfing them in the cell membrane. 4 Upon absorption
into the cell membrane the gene to be expressed is isolated into a pocket in the membrane known
as the endosome which will transport the gene to be expressed into the nucleus of the cell
(Scheme 1).

Scheme 1. Mechanism of endocytosis with incorporated gene vector, showing endosomal release of payload.

In order for the desired gene to be expressed and actively treat and prevent disease, such
as cancer, the DNA plasmid must be protected.3,5,6 The DNA plasmid needs protection to
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effectively navigate the body’s blood flow to the desired location as well as to be protected from
the acidic pH of the endosome upon the engulfment via endocytosis. 2,5,6 This protection of the
DNA plasmid is carried out by a vector, as depicted in Scheme 1. A vector is an entity that
encompasses the DNA plasmid to be expressed and takes one of two forms, viral or non-viral.

1.1.1. Viral Gene Vector
Viruses have a natural ability of delivering specific pieces of DNA into cells to express
them and thereby causing the organism to become sick. 3,6 Viral-based gene therapy utilizes
viruses as the gene vector (VGV) by removing or deactivating the harmful DNA and therein
replacing it with a desired DNA plasmid to be expressed. 5-7 Using VGVs for gene therapy yields
high efficiency transfection as viruses have perfected their ability to infiltrate the cell and express
their DNA plasmid payload, making them extremely viable vectors for gene therapy studies.
These vectors do have a large draw back though, as the deactivated harmful DNA is capable of
“waking up” and reverting back to its original nature and therefore causing adverse effects. 3,5-7 In
addition, the cost of producing viral gene vectors in large quantities is expensive and, therefore,
not an economical option for gene therapy studies. 8 Despite the high efficiency of viral vectors to
express desired genes, the dangers and cost associated with them has led to the exploration of
non-viral gene vectors to replicate the same process, but at a much lower cost and with less risk
of adverse side-effects.

1.1.2. Non-Viral Gene Vector
To overcome the adverse effects of viral gene vectors the concept of non-viral gene
vectors was formulated. These non-viral gene vectors (NVGV) work in a similar way to protect
the payload from degradation in the body, but instead of using a deactivated virus these vectors
are synthetic materials; such as poly(L-lysine) (PLL), poly(ethylenimine) (PEI), poly(N2

isopropylacrylamide) (PNIPAM), and poly(2-N-(dimethylaminoethyl)methacrylate)
(PDMAEMA).2,3,6,8-10 DNA can be considered a large anionic polymer of nucleic acids while the
NVGV is typically a large cationic polymer so that the two can favorably interact and thereby the
NVGV can encapsulate and protect the DNA plasmid. 2,3,6,8,9 These NVGV are not as efficient as
VGVs, but are much more cost efficient to prepare and don’t impose the risk of a virus
reactivating and causing an unintended illness. The NVGVs do contain their own risks due to the
uncertainty in their biodegradation pathways and how they are processed throughout the body,
which might cause potential toxicity issues. In order to be a viable approach, the NVGV must fit
certain criteria to be applicable for transfection studies. It must be able to withstand degradation
from enzymes and the low pH of the endosome as to not allow damage to the DNA plasmid
payload, and it must also be small enough to enter the cell through the endosome. 2,6,8-10 In
addition, the ability to respond, via solubility or conformational changes, to specific stimuli that
would be present in the organism, and enabling the NVGV to facilitate release of the payload,
would be extremely beneficial.2,8-10 PLL and PNIPAM were some of the original and widely
studied vectors, but have low gene delivery efficiency.8-11 Due to this, research has shifted its
focus to develop more efficient NVGVs, one of which is from the utilization of PEI, which has
improved transfection efficiency and lower levels of toxicity. 2,3,6,8-12

1.2. Poly(ethylenimine) (PEI)
There are two general structures of PEI that are commonly used in gene therapy, branched
and linear as shown in Figure 1. Branched PEI structures are more often used for NVGVs due to
better solubility, higher molecular weight, molecular size, and overall modifiability. 2,8,10,12,13
Linear PEI is made up of only one type of repeating unit consisting of secondary amines and
ethylene units. Branched PEI contains three distinct subunits; linear, dendritic and terminal in an
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approximate ratio of 1:2:1, respectively. In the branched system the subunits contain a varying
arrangement of primary (terminal), secondary (linear) and tertiary (branched) amine groups that
are all connected by ethylene units. Both branched and linear PEI NVGV have shown relatively
good potential for transfection in vivo, despite their high cytotoxicity. 2,3,11-16

Figure 1. General Structure of Branched and Linear Polyethyleneimines.

1.2.1. Branched vs. Linear PEI
Data for both branched and linear PEI have shown promising transfection efficiencies but
there is no clear favorable structure type for gene therapy purposes. Linear PEI NVGVs have
shown higher transfection efficiencies and gene expression, however, in comparison, branched
PEI NVGVs have shown more stability and stronger binding affinity to DNA plasmids. 13-16
According to a comparative study conducted by Kwok and Hart, linear PEI vectors had much
higher transfection efficiencies and gene expression of luciferase than branched PEI vectors at all
vector sizes, however the branched PEI vectors had over 4 times higher dissociation of the
plasmids as the overall size of the vectors increased.13 In a study done by Stammberger et al
similar results were found with the luciferase expression being the highest when a linear PEI
vector was utilized.14 In terms of cytotoxicity, primary amines pose the highest risk of increased
toxicity and are most commonly present in branched PEI vectors, but no direct correlation has
been confirmed experimentally.13,15,16 It should be noted that cytotoxicity has only been observed
4

at concentrations well above those required for desirable transfection efficiencies. 13,15

1.2.2. PEI Buffering Capacity: Enhancing Endosomal Release
Branched PEI, containing primary and secondary amines, allows for it to have a very high
buffering capacity in the presence of acids, which in turn makes it very good at protecting the
DNA plasmid when utilized as a NVGV. These proton accepting amines serve as a “proton
sponge” in which they can absorb large amounts of free protons on a single polymer molecule,
an extremely important characteristic upon being encapsulated into the endosome. 17,18 A
calculation done by Dubruel et al showed that PEI possesses 3.5 times more functional amines
for protonation per polymer compared to PDMAEMA at the same molecular weights. 17 In turn,
this makes it extremely effective in protecting the DNA plasmid once encapsulated in the
endosome, which produces a very acidic environment in order to degrade foreign bodies and
protect the cell. Once the NVGV and the payload are taken into the endosome, the endosome is
flooded with excess protons to drop the pH (between 4.8 and 6.0), which is done to optimize
nuclease functionality.3,10,12,16-18 The amines of PEI will “soak up” the protons by acting as bases
and thereby nullifying the acidity and only allowing for a minimal drop in pH, thus hindering
nuclease function and thereby protecting the plasmid from degradation. 19 As protons are
continually pumped into the endosome in effort to lower the pH to the optimal level, Cl - ions are
also being admitted to maintain the overall neutral charge of the endosome. 17-19 Due to PEI
absorbing the excess protons eventually an abnormally large amount of protons will have been
pumped into the endosome, as well a large amount of chloride ions will have entered. This large
concentration of ions and charges causes water to diffuse inside the endosome to decrease the
overall concentration and in turn causes the endosome to swell until it eventually ruptures
(Scheme 2).15,18,19
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Scheme 1. Proton sponge effect of HPEI acting as a buffer inside the endosome.

As PEI collects the influx of protons it obtains a larger overall positive charge which
causes it to repel other PEI molecules of the polyplex inside the endosome, which makes the
polyplex expand.18-20 The interactions between PEI and the DNA plasmid are purely electrostatic
and therefore are weakly associated.20 Therefore upon the overabundance of positive charge
being collected on the PEI, causing it to repel other PEI molecules, the electrostatic interaction
between the PEI and DNA plasmid are overridden.20 Once the endosome ruptures the DNA
plasmid becomes completely dissociated from the PEI complex and is released into the
cytoplasm where it can be incorporated into the nucleus of the cell to be expressed. 18-20

1.2.3. Role of PEI Molecular Weight
The molecular weight of NVGVs plays a large role in transfection efficiency as well in
buffering capacity, cytotoxicity and polyplex formation. 6,8,11,17-19,21 Different molecular weights
of PEI can have correspondingly different subunit ratios; these differing subunit ratios could
potentially change the buffering capability of the PEI due to a change in amount of proton
accepting amines present in the PEI backbone. If fewer proton accepting amines units are present
in the system, the buffering capacity of the PEI would be lower and therefore allow for
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degradation of the DNA plasmid reducing the overall transfection efficiency of the NVGV.
Small molecular weight PEI has shown better results in terms of cytotoxicity and overall
biodegradability, but has a reduced polyplex formation stability, which, in turn reduces
transfection efficiency.6,21,22 Larger molecular weight PEI, due to its overall size, could inhibit
efficient entry to the cell.
According to Kunath et. al. the results of in vitro vs. in vivo studies of high molecular
weight PEI are contradictory.22 Kunath et. al. found that high molecular weight PEI had reduced
transfection efficiency in vivo while Godbey et. al. showed evidence of increasing transfection
efficiencies with increasing molecular weights in vitro.22,23 Kunath et. al. also focused on low
molecular weight PEI versus high molecular weight PEI to compare transfection efficiency in
vitro between the varying sizes.22 The low molecular weight PEI (LMW-PEI) had an average
molecular weight (Mw) of 5.4 kDa and the high molecular weight PEI (HMW-PEI) had an M w of
48 kDa. To determine DNA condensation of the two PEI complexes fluorescence was observed
and showed relatively similar data as the N/P (nitrogen/phosphorus) ratio increased. 22 This study
demonstrated that the LMW-PEI has weaker compaction of DNA but an overall higher
transfection efficiency in comparison to HMW-PEI and lower cytotoxicity. 22 The study also
indicated that a higher concentration of the LMW-PEI must be utilized to get more favorable
transfection efficiency results than the HMW-PEI which is most likely attributed to the overall
difference in N/P ratio between the two polymers.22 Overall Kunath et. al. demonstrated that
LMW-PEI had a better transfection efficiency and less cytotoxicity at higher N/P ratio (67) with
a high overall concentration than HMW-PEI with a lower N/P (6.7). 22
Godbey et. al. had conversely different results with HMW-PEI as their study examined
PEIs with molecular weights ranging from 600 to 70,000 Da. 23 Godbey et. al. observed that PEI
7

polymers with less than 1,800 Da showed little to no gene expression, which led to their
conclusion of molecular weight having a significant effect on transfection efficiency. 23 The data
of PEIs with molecular weights ranging from 10,000 – 70,000 Da showed an increase in gene
expression as the molecular weight increased.23 A more recent study conducted by Lee et. al.
focused on LMW-PEI (1.8-3 kDa), which as mentioned previously had poor transfection
efficiency, by fluorinating them at different molar ratios (1:0.25, 1:0.50, 1:0.75 and 1:1 at points
of primary amines).24
Lee et. al. showed that in comparison to PEI with a Mw of 25 kDa (PEI-25k) the
fluorinated PEI was less cytotoxic at all concentrations (1:0.25 and 1:0.50) and almost all
concentrations (1:0.75 and 1:1).24 The transfection studies showed that the fluorinated PEI had
lower transfection efficiency than PEI-25k, with 1:0.75 fluorinated PEI having the highest
transfection efficiency of the fluorinated polymers. 24 Another interesting finding in the study was
that across both cell lines targeted (A549 and HeLa) all of the fluorinated PEI had higher cellular
uptake than the PEI-25k although this was not correlated with the transfection efficiency
results.24

1.3. Stimuli Responsive Polymers
Polymeric compounds capable of changing their chemical and physical/conformational
properties in response to external stimuli are typically known as stimuli responsive polymers or
smart polymers.9,20,25-27 These polymers have been used recently as an effective NVGV as they
offer the ability of controlled release via their stimuli responsiveness. By altering their
conformational shape or chemical properties these polymers possess the ability to “clamp on to”
and release the DNA plasmid or drug payload based upon the stimuli to which they are
exposed.8,9,18,25-27 The stimuli that are typically utilized for these types of polymers are light, pH
8

and temperature.9,20,25-27

1.3.1. Light Stimulated Polymer Function
Light stimulation, normally ultraviolet light, typically causes one of two types of response;
either a conformational change or cleavage of a bond, but UV light can also be used to induce
redox processes. In a study done by Salamatipour et. al. a synthesis of light responsive hydrogels
was conducted to cause a redox reaction to create nano hydrogels with an average size of 78 nm
to be used as a drug delivery device.28 In a previous synthesis Fe2+ was converted to Fe3+, a hard
cation, to act as a cross-linker to form a stable hydrogel with alginate molecules. 27 Fe3+ is a light
sensitive redox agent and so upon the implementation of UV light the Fe 3+ was reduced to Fe2+
thereby causing a conformational change in the hydrogel structure. 28 This method of stimuli
responsiveness is not as predictable within a biological system and so the more easily anticipated
stimuli are pH and heat.

1.3.2. Temperature Stimulated Polymer Function
Temperature responsiveness is the most applicable stimuli for gene therapy as the internal
temperature of living systems is typically much different than the external temperature of the
surroundings. Temperature responsiveness can also induce conformational changes in polymers
where a compound can “compress” or coil around the payload and a change in temperature can
uncoil and expand into a more globular formation. This response comes as a result of a lower
critical solution temperature, LCST, in which above this designated critical temperature the
polymer undergoes a reversible phase transition to be hydrophobic and thereby insoluble in a
biological system and when below the temperature the polymer becomes hydrophilic thereby
soluble in a biological system.29 The prime example and one of the first polymers that was
studied for this property was poly(N-isopropylacrylamide) (PNIPAAM) which has an observed
9

LCST of ~30-34°C where below this PNIPAAM becomes water soluble as an extended, well
solubilized chain, but above this temperature PNIPAAM undergoes the aforementioned phase
transition to be an insoluble precipitate or suspension. 29,30 The LCST is tunable by modifying the
amount of hydrophobic and hydrophilic groups present on the polymer. 29,30 Since the common
LCST for PNIPAAM is below (~30-34°C) that of the normal body temperature (37°C), this
allows for the polymer to be insoluble and thereby encapsulate the DNA plasmid while inside a
biological system. The PNIPAAM system then relies on degradation via the alkaline conditions
of the intestine to facilitate release of the payload. 30 Not all polymers being used for NVGV
transfection studies possess the ability to have a natural degradation to lead to the desired release
of the payload, therefore pH stimulation of release/uptake has more potential upside.

1.3.3. pH Stimulated Polymer Function
pH responsive polymers are synthesized from poly(acid)s or poly(base)s in which the pH
of the solution causes these polymers to either become protonated or deprotonated. This
protonation/deprotonation creates an overall positive, negative or neutral charge along the
backbone which in turn affects the conformation and overall solubility of the compound. 18,25,27
pH stimulation is tunable based upon modification of hydrophobic and hydrophilic groups
oriented on the polymer. Based upon the polymers’ individual pK a or pKb the phase changes
from a globular formation to a coiled chain to allow for the uptake/release of the payload. With
this tunability, and known physiological pH of a biological system, polymers can be modified to
possess specific pKa or pKb. These pKa or pKb values can allow them to uptake the payload in a
controlled external environment and upon endosomal encapsulation, where a predictable pH drop
in the endosome occurs, the polymer may provide a controlled release of the gene to be
expressed.
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1.3.4. Temperature and pH Dual Stimulated Polymer Function
pH responsiveness can have a direct correlation with the thermo responsiveness and the
LCST. As such, the idea of utilizing dual stimuli responsive polymers, in which a tunable LCST
can allow for a predictable phase transition at a designated temperature and pH, becomes an
attractive approach for conducting gene therapy studies. Scheme 3 shows the general concept of
polyplex association and dissociation with a DNA plasmid with temperature and pH as
corresponding stimuli.

Scheme 2. Dual-stimuli responsive system showing the dissociation and collapse of the polyplex upon interaction to a change in
environmental temperature and pH.

If a polymer in an aqueous environment with a pH of 7 has an LCST below that of a
biological system’s temperature (~37°C) is insoluble, but then upon the drop of pH to 3-4 while
staying at this same biological temperature can thereby become soluble, due to the LCST being
dependent upon the environmental pH, this becomes an extremely useful and effective method to
employ for gene and drug delivery. The pH of human blood is 7.35-7.45 31 and so this would
allow the polymer to be in its globular form encapsulating the payload while traveling through
the blood stream, but upon uptake into the endosome, where the pH drastically drops, the
polymer would then undergo a phase transition to its expanded form resulting in the release of
11

the payload.
Polyethylenimine, a poly(base), has an aggregate pKa of ~ 10 therefore giving it a pKb of
~ 4.32 Therefore, at a pH lower than 4, the polymer will be soluble in an aqueous solution due to
it being protonated and having an effective charge. As the pH of the solution becomes more
basic the polymer becomes deprotonated making it become less soluble. As previously stated,
this responsive function is extremely useful in biological systems as upon endosomal
encapsulation, there is a significant drop in pH compared to the blood. 2,5,6 The PEI thereby acts
as a buffer causing an excess of protons to be admitted into the endosome dropping the pH below
the pKb which, as stated, causes it to possess an ionic charge making it more soluble and thereby
releasing the payload inside the endosome. 3,10,12,16-18 Conversely, when the PEI-DNA polyplex is
suspended in the blood, pH of ~7, the PEI is less protonated and “clamps on to” the DNA
plasmid tightly shielding it from the aqueous environment and allowing for it to be transported to
the desired location.3,5,6
120
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Figure 2. LCST of isobutylamidated PEI at varying pH, resembling that of in a neutral environment as well as that of a biological
system.
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Standard PEI does not possess a LCST and is fully soluble in an aqueous environment,
but for utilization as a NVGV that possesses dual stimuli responsiveness characteristics the PEI
is amidated. Figure 2 shows the LCST of an amidated PEI system at varying pH, ranging from a
neutral environment, resembling the blood of a biological system, to that of the endosome of a
cell. As can be seen in Figure 2, when in a near neutral pH (~7) the system possesses a LCST of
roughly 25°C, well below the temperature of a biological system (37°C). This meaning that at a
temperature above 25°C the polyplex will be “clamped down” on the payload and insoluble or
suspended in solution, while at a temperature below 25°C the polyplex would be expanded and
dissolved into solution releasing the payload. As well, when the pH is dropped to 6 the LCST
increases to ~35°C, which is still below the temperature of a biological system and shows that
upon initial uptake of the polyplex by the endosome and influx of hydrogen ions the polyplex
will still remain insoluble and encapsulating the payload, demonstrating the desired buffer effect
by the PEI. As the pH continues to drop, as shown by the light blue line indicating a pH of 5, the
LCST increase even more to ~52°C, this much higher than that of a biological system,
demonstrating that upon this change in pH the polyplex system will expanded and dissolve into
the aqueous environment and allow for the payload to be released as desired.

1.4.

Monitoring Transfection Studies

Transfection studies are typically monitored via fluorescence microscopy by using
NVGVs loaded with green fluorescent protein (GFP).33 Fluorescence microscopy is an optical
microscope that utilizes fluorescence and phosphorescence to study organic and inorganic
substances by shining designated excitation wavelengths in order for chromophoric molecules to
emit visible light back. Green fluorescent protein (GFP) have a maximal excitation wavelength
of 395 nm33 and a maximal emission wavelength of 508-510 nm. 34,35 The fluorescence
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microscope can be set to emit a wavelength at the 395 nm wavelength and then will record the
emission from the GFP to monitor its movement from outside a cell, to the uptake into the
endosome and from there into the nucleus for expression.33 As stated previously, NVGVs
possess their own hazards when it comes down to cytotoxicity and degradation of the polymer in
a biological system and so a process to monitor the movements of the vector is needed as well.

1.5.

Luminescence and Light Emission Pathways

Luminescence is general terminology for processes that lead to the emission of visible
light in some form. For this emission of visible light to occur there must be an external input of
some form of energy. Luminescence can be subcategorized as: bioluminescence,
radioluminescence, chemiluminescence and photoluminescence. 36 There are then 4 types of
emission pathways that stem from photoluminescence; fluorescence, phosphorescence, triplettriplet annihilation (TTA), and thermally activated delayed fluorescence (TADF). 37

1.5.1. Fluorescence and Phosphorescence
Fluorescence is a process in which the lower of two electronic states, typically the ground
state, within a molecule is excited, by an external energy source, to a higher electronic state via
an allowed transition and then relaxed back to the original state via the emission of a photon. 37-39
This energy excitation transitions electrons from the (ground) singlet state to the first excited
stated, both singlet and triplet. When excited via an electrical current, only 25% of the excited
electrons are transitioned to the excited singlet state and the remaining 75% are transitioned to
the excited triplet state.38-41 The emission of electrons in the form of a photon, for fluorescence,
comes from the excited singlet state back to the ground state. 39,41 The internal quantum
efficiency (IQE) of fluorescence thereby is 25%, when excitation occurs from an electrical
current.40 Phosphorescence is similar, in terms of general mechanism, to fluorescence but
14

involves a slower decay and the utilization of a forbidden transition. 37-39,41 This forbidden
transition is facilitated by a process known as intersystem crossing (ISC), which allows for
excited singlet state electrons to be transitioned to a vibrationally excited triplet state and from
there relaxed back to a ground singlet electronic state, by way of photon emission. 37,39 For
intersystem crossing to be capable the molecule must be doped with a heavy metal atom which
facilitates this spin-forbidden conversions from excited triplet state (T 1) to the singlet ground
state (S0) as well as excited singlet state (S1) to excited triplet state (T1).39-42 Both fluorescence
and phosphorescence are shown in Figure 3. Phosphorescence, because it is capable of
harvesting the S1 electrons as well as the T1 electrons for its photoemission, has a baseline IQE
of 75% but can be closer to 100% dependent upon the ISC efficiency, when excited via an
electric current.37,39-42 The drawback, as stated prior, is these molecules must utilize a heavy
metal atom for this forbidden transition to be overcome, which are not only toxic in a biological
system but also heavy metals are typically expensive as well. When optical excitation is the
source of external energy fluorescence and phosphorescence both have potential IQEs of 0100%, as their efficiency to luminesce is dependent upon non-radiative and radiative relaxation
emission as phosphorescence and fluorescence are in constant competition with each other. 43
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Figure 3. Types of emission pathways and their respective internal quantum efficiencies.

1.5.2. Triplet-Triplet Annihilation (TTA)
Triplet-triplet annihilation is a form of delayed fluorescence to achieve a higher IQE of
photoemission. For triplet-triplet annihilation to occur a donor and acceptor of the excited triplet
state must have an interaction, via collision, for an energy transfer to take place. 44 This energy
transfer, from one molecule to another, supplies excited electrons that allow for the upconversion to the excited singlet state with the caveat that for every electron that undergoes the
up-conversion, a second electron is relaxed back to ground state. 40,44,45 This up-conversion of
excited triplet state electrons to the excited singlet state and from there relaxed back to ground
16

state via the emission of a photon gives an IQE of ~62.5%, this IQE is based off excitation of
electrons via an electrical current.40,42,44,45 This is due to only half (37.5%) of the excited triplet
state electrons present (75% of excited electrons) are transitioned to the singlet state to be
emitted as fluorescent photoemission, as shown in Figure 3. With the goal of obtaining the most
photoemission possible from a particular chromophore this emission pathway is still short of
what is desired.

1.5.3. Thermally Activated Delayed Fluorescence (TADF)
Thermally activated delayed fluorescence is a more recently studied and efficient delayed
fluorescence emission pathway, that allows for nearly 100% IQE. 40,42,46-48 This pathway was first
discovered by Adachi et. al. with the initial principle of reverse intersystem crossing (rISC),
which is capable of taking place, in pure aromatic organic compounds without any heavy metals
present, when the energy difference (ΔEST) between the lowest singlet state (S1) and the lowest
triplet state (T1) is small (≤~0.1 eV).40,47-49 Another important factor that Adachi et. al. indicated
was that there must be a small overlap of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO). 49 On these principles Adachi et. al.
synthesized organic molecules capable of emitting green and blue fluorescent light, the general
structures of their blue chromophore are shown in Figure 4.49 Adachi’s system works under the
idea that these molecules poses as a donor-π-acceptor system in which the diphenylsulfone
(DPS) backbone acts as the acceptor of the pi electrons and the various chromophore groups
shown act as donors of these π electrons.49 This type of system minimizes the singlet-triplet
energy gap (ΔEST) and allows for rISC to take place.49
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Figure 4. General structure of the Adachi chromophores.48

The TADF process utilizes thermal energy to overcome this small ΔE ST (≤~0.1 eV) and
allow for rISC to result, which allows for all of the excited triplet state electrons to be
upconverted to the excited singlet state where they can then be relaxed to ground state via photon
emission in the form of fluorescent light. 40,42,47-49 More recently, Adachi et. al. demonstrated that
while the conventional use of TADF is at room temperature following the principle of a small
ΔEST, the ΔEST alone is not a determining factor on the rate of rISC (krISC).49 Carbazolbenzonitrile derivatives synthesized by Zhang et. al. reported to have ΔEST of ~0.2 eV, which is
too large for efficient rISC at room temperature but still exhibited electroluminescent quantum
efficiencies of ~20% which is comparable to that of small ΔE ST (≤~0.1 eV).49-52

1.6.

Previous Work

Research conducted by the group that started the production of PEI as a NVGV began
with Skidmore’s8 work, which utilized hyperbranched polyethylenimine (HPEI10K) purchased
from Sigma Aldrich. Skidmore worked to modify HPEI with varying hydrophobic and
hydrophilic groups to make it possible for the polymer to possess a conformational change
response to temperature and pH changes (Scheme 4). Modifying the hydrophobic and
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hydrophilic groups gave rise to a modified LCST that would help with transfection efficiency, as
well as reduce cytotoxicity.

Scheme 3. Chad Skidmore's synthesis for amidated polyethylenimine.8

Mary Abraham’s18 work built upon Skidmore’s8 by improving transfection efficiency and
decreasing overall cytotoxicity by way of further tuning of the amidated HPEI’s LCST via
modifying the branching with differing functional groups. Addition of alkyl groups to improve
hydrophobic interactions and overall enhancement of the endocytosis process (Scheme 5).18
Long functional group addition, hydrophobic and hydrophilic, shields positive charges on the
HPEI to reduce overall cytotoxicity, as well as adding the ability to modify further with better
targeting groups.

Scheme 4. Mary Abraham's synthesis of alkylated and amidated polyethylenimine. 18

Other important work stems from Adachi et. al.49, which first synthesized blue
fluorescent organic molecules that utilized the TADF emission pathway. From this Picker 36
began synthesizing blue TADF emitters with poly(arylene ether)s, in which they attached a
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carbazole substituent to an iodinated (3,5-DFDPS-CBZ) 3,5-difluorodiphenylsulfone (Scheme
6). This 3,5-DFDPS-CBZ was then incorporated into a PAE system, which had a fluorescence
emission peak of around 430 nm, which is between violet and indigo in the visible color
spectrum.

Scheme 5. Jesse Picker's synthesis of carbazole-based chromophore.36

Other group members: Fetters41, Kemboi53 and Slaybaugh54 utilized carbazole derivatives
as chromophores for their own respective monomer units of PAEs, to produce blue TADF light
emitters. Their success in synthesizing polymeric films producing the desired blue colored light
led to the idea of the carbazole-based chromophore being utilized as a tag to monitor the fate of
NVGVs after gene delivery.

1.7.

Current Research

The overall objective of this project was to synthesize a novel blue TADF light emitter
that could be attached to the PEI non-viral gene vector to monitor the movements of the vector
after the release of the payload inside the endosome. The synthesis of the blue TADF emitter was
building upon the previous work to feature the use of carbazole (CBZ), as the chromophore, as a
substituent group of a diphenylsulfone (DPS) molecule (Scheme 7). In this system the CBZ
substituent acts as a donor and the DPS is the acceptor for the previously mention donor-πacceptor system.
20

Scheme 6. Three step synthesis of alkylated chromophore to be attached to polyethylenimine as a tracker for transfection
studies.

Once the pendant chromophore molecule was synthesized the secondary objective of the
project was then to complete a SN2 reaction to alkylate the hydroxyl group, in which to give an
end that could be easily attached to the amidated PEI NVGV. Fluorescence studies would then
be conducted to ensure that the tagged PEI NVGV emits a blue fluorescence to therefore allow
for monitoring of the NVGV as well as the payload during transfection studies conducted by the
Wright State Biological Department. Fluorescence microscopy images would then be collected
to conclude the movements of the payload (green fluorescent protein) and the PEI NVGV to help
in further understanding the fate of the NVGV after transportation of the payload.
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2. Experimental
2.1. Instrumentation
1

H and 13C Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker

AVANCE 300 MHz instrument operating at 300.13 and 75.5 MHz, respectively. Samples were
dissolved in DMSO-d6 or D2O at a concentration of ~ 30 mg/0.6 mL. A Hewlett-Packard (HP)
6890 Series GC, coupled with a HP 5973 Mass Selective Detector/Quadruple was used to
perform GC-MS analyses. UV-vis spectra were obtained on an Agilent Cary 60 UV-vis
Spectrometer. Fluorescence spectra were obtained on an Agilent Technologies Cary Eclipse
Fluorescence Spectrophotometer with access provided by Dr. Pavel of Wright State University.
Melting points were determined using a MEL-TEMP instrument and are uncorrected.
Transmittance data was obtained on a Hewlett Packard 8453 Ultraviolet-visible spectrometer
with an external heating source. Transmittance data for PEI was obtained at 500 nm, at a heating
rate of 1˚C min-1 under air.18 Polymers were dissolved in DDI water at a concentration of 2 wt.
%.17 Dilute HCl and NaOH were used to adjust pH from 7.4 to 5, as needed. 18 The LCST was
then defined as the temperature that corresponded to 50% transmittance in the resulting
transmittance vs. temperature curves18

2.2. Materials
The compounds aluminum chloride, carbazole, calcium hydride, calcium chloride,
chlorobenzene, hydrochloric acid, 1,6-dibromohexane, dimethyl sulfoxide-d6 (DMSO-d6),
dimethyl sulfoxide (DMSO), N-methylpyrrolidinone (NMP), potassium carbonate (K2CO3) were
purchased from Sigma Aldrich. Aluminum chloride, carbazole, chlorobenzene, calcium chloride
and DMSO-d6 were used as received. DMSO and NMP were distilled from calcium hydride under
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a nitrogen atmosphere. Potassium carbonate was dried in an oven at 130˚C. The compounds
tetrahydrofuran (THF), methanol and potassium hydroxide were purchased from Fischer
Chemical and were used as received. The compounds 4-fluorbenzene sulfonyl chloride and D 2O
were purchased from Oakwood Chemicals and Acros Organic, respectively, and were used as
received. Ethanol was purchased from Decon Laboratories, Inc. and was used as received.
Chloroform was purchased from EMD Millipore Corp and was used as received. Acetone was
purchased from Macron and was used as received. PEI-IBAm 0.61 was provided by Fossum
research group, but was originally purchased from Sigam Aldrich as hyperbranched
polyethylenimine (HPEI), Lupasol® WF (BASF, M n = 10,000g/mol). All water utilized was
ultra-purified via a three-step purification process. Initially, the water went through Wright
State’s reverse osmosis system, followed by an ion-exchange-membrane provided by Dayton
Water Company. Finally, it was passed through a 5 filter (carbon, deionization, deionization,
organic absorption, and ultra violet) Labconco Water Pro Plus system. HyClone Dulbecco’s
Phosphate Buffer Saline solution, purchased from Cytiva, was provided by Dr. Kozak’s, of
Wright State University, lab and was used as received.

2.3. Synthesis of F-DPS-Cl, 3
To a 500 mL round bottom flask (RBF), equipped with a reflux condenser, magnetic stir
bar and a calcium chloride drying tube, were added chlorobenzene (11.3 g, 100 mmol), AlCl 3
(1.48 g, 1.11 mmol), and 4-fluorobenzenesulfonlyl-chloride (1.94 g, 9.97 mmol). The
chlorobenzene, acting as a solvent as well as a reagent, was mixed at a 10:1 molar ratio with the
4-fluorobenzenesulfonyl chloride. The reaction mixture was immersed into an oil bath and
heated to 60˚C with moderate stirring for 24 hours. GC/MS analysis of a small sample of the
reaction mixture indicated nearly 100% conversion to the desired product.
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The reaction mixture was transferred from the 500 mL round bottom flask to a 1000 mL
Erlenmeyer flask, containing approximately 450 mL of DI water, and roughly 200 mL of
chloroform was then also added to the flask. The resulting two-phase mixture was allowed to stir
at room temperature for 24 hours. The layers were then separated using a separatory funnel, the
organic layer was extracted and dried over magnesium sulfate. The magnesium sulfate was then
vacuum filtered out and the organic filtrate was then evaporated to dryness using a rotary
evaporator. The crude material was recrystallized from approximately 150 mL of hexane
affording 1.80 g (67.1 %) of a needle-like opaque crystalline material. The melting point was
determined to be 112-114˚C.
1

H NMR (DMSO-d6; δ): 7.47 (dt, 2H), 7.70 (d, 2H), 7.99 (d, 2H), 8.06 (dt, 2H). 13C NMR

(DMSO-d6, δ): 111.57 (d), 123.80 (s), 124.48 (s), 125.27 (d), 132.07 (d), 134.81 (s), 134.87 (s),
160.35 (d).

2.4. Synthesis of CBZ-DPS-Cl, 51
To a 10 mL RBF, equipped with a reflux condenser, magnetic stir bar, and N 2 gas inlet,
were added carbazole (0.619 g, 3.70 mmol), K2CO3 (0.767 g, 5.55 mmol), and 3 (1.01 g, 3.70
mmol), in a solvent mixture (~2:1) of distilled DMSO (1.65 mL) and distilled NMP (0.80 mL).
The reaction mixture was made with a molar ratio of 1:1.5:1, respectively. The reaction flask was
submerged into an oil bath and heated to 100˚C with moderate stirring for 72 hours. Small
samples of the reaction mixture were collected every 24 hours for GC-MS analysis to monitor
progress, with a recorded 80% conversion at 24 hours, 92% conversion at 48 hours and
ultimately a 97% conversion at 72 hours.
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The reaction mixture, with a small amount of excess distilled DMSO added, was
transferred into a 600 mL beaker containing approximately 250 mL of DI water and was stirred
vigorously for a few hours. The product immediately precipitated out of the aqueous solution and
was collected via vacuum filtration and allowed to dry for 24 hours. The collected product was
recrystallized from ~15 mL of ethanol, filtered and then dried in a drying pistol apparatus
affording a final mass of 1.20 g (77.7%). Melting point was determined to be 202-204˚C.
1

H NMR (DMSO-d6, δ): 7.28 (dd, 2H), 7.44 (dd, 2H), 7.52 (d, 2H), 7.77 (d, 2H), 7.95 (d, 2H),

7.99 (d, 2H), 8.25 (d, 2H), 8.26 (d, 2H). 13C NMR (DMSO-d6, δ): 109.86 (s), 120.64 (s), 120.91
(s), 123.32 (s), 126.60 (s), 127.31 (s), 129.56 (s), 129.67 (s), 130.11 (s), 138.63 (s), 139.07 (s),
139.68 (s), 139.78 (s), 141.83 (s).

2.5. Synthesis of CBZ-DPS-OH, 6
Into a 25 mL RBF, equipped with a reflux condenser, magnetic stir bar, and N 2 gas inlet,
were added 5 (0.410 g, 0.991 mmol), (1:1) KOH/water solution (0.316 g, 5.64 mmol) and
distilled DMSO (1.25 mL). The reaction mixture was made with a 1:5 molar ratio of substrate
and hydroxide, respectively. The reaction flask was immersed into an oil bath and heated to
110˚C with stirring (~250 rpm) for 24 hours. A small sample was collected at 24 hours for
analysis via 1H NMR, which indicated a nearly 100% conversion.
The reaction mixture was transferred to a 500 mL beaker containing ~300 mL of DI
water that had been made basic (pH ~11) via K2CO3 addition and was stirred vigorously for 20
minutes. The solution was then gravity filtrated to remove any residual 5, and the filtrate was
then acidified, dropwise, with dilute (10:1, 10%) HCl until a pH of ~3-4 was achieved with
consistent stirring. The precipitated product was then collected via vacuum filtration and left on
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the filter paper with air flow to dry for 72 hours. A small sample was collected for analysis via
1

H NMR which showed no presence of residual 5 and so no recrystallization was conducted, the

reaction afforded 0.264 g (66.7 %). Melting point was determined to be 253-254˚C.
1

H NMR (DMSO-d6, δ): 6.98 (d, 2H), 7.28 (dd, 2H), 7.44 (dd, 2H), 7.52 (d, 2H), 7.88 (d, 2H),

7.90 (d, 2H), 8.16 (d, 2H), 8.26 (d, 2H). 13C NMR (DMSO-d6, δ): 109.86 (s), 116.26 (s), 120.12
(s), 120.64 (s), 122.37 (s), 126.52 (s), 127.16 (s), 129.02 (s), 130.11 (s), 138.63 (s), 139.68 (s),
140.38 (s), 141.63 (s), 162.32 (s).

2.6. Synthesis of CBZ-DPS-OHexBr, 8
To a 5 mL RBF, equipped with a reflux condenser, magnetic stir bar, and N 2 gas inlet,
were added 6 (0.103 g, 0.258 mmol), K2CO3 (0.0591 g, 0.428 mmol), 1,6-dibromohexane (0.2
mL, 0.315 g, 1.29 mmol) and acetone (1.2 mL). The reaction was made up with a molar ratio of
1:1.7:5 of substrate, base and electrophilic component, respectively. The reaction flask was
immersed into an oil bath and heated to 25˚C with stirring (~530 rpm) for 72 hours. A small
sample was collected every 24 hours for 1H NMR analysis to monitor conversion. At 24 hours
there was roughly a 50% conversion, at 48 hours nearly an 80% conversion and at 72 nearly
100%.
The solvent was initially allowed to evaporate off, at which point ~4 mL of DI water was
added to the reaction flask and stirred (~500 rpm) for an hour. The DI water was decanted out of
the flask after which ~4 mL of hexanes were then added and stirred (~500 rpm) for an hour. The
hexanes were then decanted from the reaction flask, and a sample of the remaining solid was
collected for 1H NMR analysis. The 1H NMR spectrum showed no evidence of aromatic or
aliphatic impurities being present, therefore, the product was transferred from the reaction flask
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to a pre-weighed 25 mL vial using 3 increments of 5 mL of CHCl 3. The vial was then left open
to the atmosphere to allow for the CHCl3 to evaporate off gradually, affording a final yield of
0.111 g (76.6%). Melting point was determined to be 158-162˚C.
1

H NMR (DMSO-d6, δ): 1.426 (quint, 2H), 1.436 (quint, 2H), 1.731 (quint, 2H), 1.811 (quint,

2H), 3.537 (t, 2H), 4.074 (t, 2H), 7.182 (d, 2H), 7.322 (dd, 2H), 7.438 (dd, 2H), 7.504 (d, 2H),
7.909 (d, 2H), 7.976 (d, 2H), 8.187 (d, 2H), 8.253 (d, 2H). 13C NMR (DMSO-d6, δ): 24.54 (s),
27.18 (s), 28.24 (s), 32.14 (s), 35.10 (s), 68.14 (s), 109.82 (s), 115.43 (s), 120.60 (s), 120.85 (s),
123.18 (s), 126.52 (s), 127.09 (s), 129.16 (s), 129.90 (s), 132.09 (s), 139.35 (s) 140.02 (s), 141.23
(s), 162.79 (s).

2.7. Attachment of CBZ-DPS-OHexBr to HPEI-IBAm0.61
To a 10 mL RBF, equipped with a reflux condenser, magnetic stir bar, and N 2 gas inlet,
were added isobutylamidated (61%) hyperbranched polyethyleneimine (0.116 g, 1.59 mmol,
0.970 mmol of modifiable amines), 8 (0.0113 g, 0.020 mmol), K2CO3 (0.0090 g, 0.065 mmol)
and ethanol (1.2 mL). The reaction was made up to add the chromophore, 8, at ~ 2% of the
modifiable amines present. The reaction flask was immersed into an oil bath and heated to reflux
with stirring (~600 rpm) for 24 hours. A small sample was collected for 1H NMR analysis to
monitor the addition of the chromophore.
The reaction mixture was transferred to a 100 mL beaker with a small amount of excess
ethanol, the ethanol; and was then evaporated off using the house vacuum. A minimal amount
(~10 mL) of DDI water was added to redissolve the polymer and leave behind any unreacted 8.
The aqueous solution was then filtered via vacuum filtration, the filtrate was then collected and
placed under house vacuum for 24 hours to dry so that a pre-dialysis weight could be recorded.
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The polymer was redissolved into DDI water and filtered again, the collected filtrate was then
subjected to dialysis for a 3 day period with the water being replaced every 24 hours. The
dialysis solution was filtered and the collected precipitate was placed under house vacuum to dry
for 24 hours, yielding 0.0751 g (64.5%). The dried tagged polymer was then dissolved into ~7.5
mL of DDI water to achieve a N/P ratio of ~10 for transfection studies.

2.8. Transfection Studies
Transfection studies were characterized with an Olympus epifluorescence microscope
using green fluorescent protein (GFP) filter sets and a halogen arc lamp for illumination.
Magnification was consistent at 20x. Transfection studies were conducted by J. Ashot Kozak,
Ph.D. in the Department of Neuroscience, Cell Biology, and Physiology at Wright State
University. DNA-polymer complexes were formed at 4˚C for 2 hours, followed by a warm up
step to room temperature over 4 minutes. DNA-polymer formation was done in DMEM.
Transfections were done in 6-well polystyrene plates, with HEK293. DNA-polymer complexes
were added to HEK293 and incubated for 2 hours.
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3. Results and Discussion
3.1. Synthesis of F-DPS-Cl
The functionalized platform for the chromophore, diphenylsulfone (DPS), was
synthesized by reacting 4-fluorobenzenesulfonyl-chloride, 1, with chlorobenzene, 2, to afford (FDPS-Cl) 4-chlorophenyl-4’-fluorophenyl sulfone, 3, via a Friedel-Crafts type sulfonylation
(Scheme 8).

Scheme 8. Friedel-Crafts sulfonylation of 4-fluorobenzene-sulfonyl-chloride, 1, and chlorobenzene, 2, to synthesize 4chlorophenyl-4'-fluorophenyl sulfone, 3, at a 67.1% yield

Compounds 1 and 2 were combined at a 1:10 mmol ratio with 1.1 mmol equivalent of
AlCl3 with a calcium chloride drying tube and heated to 60°C. The reaction was conducted over
a period of 24 hours at which point GC-MS analysis of an aliquot indicated ~100 % conversion
to product (Figures 5 & 6).
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Figure 5. Gas chromatogram of F-DPS-Cl, 3, at 24 hour mark, peak at ~6.25 min is desired product (4-chlorophenyl-4'fluorophenyl sulfone) with no presence of starting material (4-fluorobenzne sulfonyl-chloride).

Figure 6. Mass spectrum fragmentation pattern of peak found at ~6.25 min indicating the desired product (4-chlorophenyl-4'fluorophenyl sulfone) after 24 hour reaction period.

The remaining reaction mixture was then worked up by transferring the reaction mixture
to a 1000 mL Erlenmeyer flask, adding ~450 mL of DI water and 200 mL of chloroform. The
mixture was stirred for roughly 12 hours and an extraction was done to separate the organic layer
from the aqueous layer. The organic layer was then dried with magnesium sulfate to remove any
residual water and then was filtered. The organic filtrate containing 3 was then dried via a rotary
evaporator and the collected solid was then dissolved into ~150 mL of hexanes. The hexane
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solution was then gently boiled to dissolve all of the solidified 3. Once fully dissolved the
solution was allowed to cool slowly to yield approximately 1.8 g of a needle-like opaque
crystalline compound in a 67.1 % yield. A melting point of 112-114°C was determined following
drying of the sample in vacuo. A 1H NMR spectrum (DMSO-d6) was acquired to confirm the
conversion of 4-fluorobenzenesulfonyl-chloride to F-DPS-Cl (Figure 7).

Figure 7. 1H (DMSO-d6) NMR spectrum of F-DPS-Cl, 3, with signals labeled, a-d, and integrals of each peak shown.

The 300 MHz 1H (DMSO-d6) NMR spectrum of 3 shows 4 unique proton signals, all
present in the aromatic region. The protons positioned on the benzene ring that are closest to the
fluorine atom, a, in the spectrum appear as a doublet of doublets at 7.47 ppm. This splitting
pattern observed for a results from the coupling between the ortho proton, b, and the ortho
fluorine atom. Protons a has ortho coupling to both the fluorine atom and proton b which gives
this unique multiplet signal. The protons, b, positioned on the benzene ring closest to the sulfone
and meta from the fluorine atom, appear as a doublet of doublets signal, at 8.06ppm, due to the
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ortho coupling with proton a and meta coupling with the fluorine atom. Protons c and d both
appear as doublets due to the para configuration of the chlorophenyl side of the compound at
7.99 ppm and 7.70 ppm, respectively. Protons c and d have ortho coupling with each other that
give their resulting splitting pattern.
The 75.5 MHz 13C (DMSO-d6) NMR CPD spectrum for 3 (Figure 8) shows 8 unique
signals, labeled a-h. (Finish writing the assignments and chemical shifts). Carbons a-d all appear
as doublet due to coupling with F. Carbon a has a very large J value due to the F and is found at
160.35 ppm. b is very up-field shifted, 111.57 ppm, due to its ortho positioning relative to the F
and the F’s ability to donate via resonance. c and d are positioned at 125.27 and 132.07 ppm,
respectively. Carbons e and h also appear as a doublet but are able to be determined to actually
be singlets that are just very closely positioned due to their relative intensities. Both are
quaternary carbons and if were actually a doublet these peaks intensity would be halved and have
the same intensity as seen by the peak of d but as can be seen these peaks are roughly double the
intensity of d it can be determined that these peaks are two singlets representing 2 different
quaternary carbons. Therefore, e and h are positioned at 134.81 and 134.78 ppm, respectively.
Carbons f and g are then singlets found at 124.48 and 123.80 ppm, respectively.
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Figure 8. 13C (DMSO-d6) CPD NMR of F-DPS-Cl, 3, showing 8 unique C signals, labeled a-h, with peaks a-d appearing as doublets
due to coupling with F.

3.2. Synthesis of CBZ-DPS-Cl
The donor moiety of the chromophore molecule was then installed by reacting 3 with
carbazole (CBZ), 4, via nucleophilic aromatic substitution, NAS, to provide 9-[p-(pchlorophenylsulfonyl)phenyl]-9H-carbazole (CBZ-DPS-Cl), 5 (Scheme 9). The differences in
reactivity of the fluorine site, relative to the chlorine, provided a very high level of selectivity in
the NAS reaction process.

Scheme 9. Nucleophilic aromatic substitution (NAS) synthesis of 9-[p-(p-Chlorophenylsulfonyl)phenyl]-9H-carbazole, 5,
(CBZ-DPS-Cl) from F-DPS-Cl, 3, and carbazole, 4 at a 77.7% yield.

The reaction was run at a 1:1:1.5 molar ratio of 3:4:K2CO3 over a total 72 hours at 100°C.
GC-MS analysis was conducted at 24 hour intervals, in which the initial test showed a
33

conversion of ~80 %. After 48 hours of reaction time the GC-MS analysis indicated a conversion
of 92 % and at 72 hours the analysis showed a 97 % conversion. The gas chromatogram and
mass spectral analysis at 72 hours are shown in Figure 9 and Figure 10, respectively.

Figure 9. Gas chromatogram at 72 hours for the synthesis of CBZ-DPS-Cl, 5, showing a 97% conversion at ~22.1 mins and very
minor residual starting materials at ~5.6 and ~6.2 min which are CBZ and F-DPS-Cl, respectively.

Figure 10. Mass spectrum fragmentation pattern of peak at 22.058 mins, CBZ-DPS-Cl, 5, after a 72 hour reaction period.

The remaining reaction mixture was worked up by transferring to a 500 mL Erlenmeyer
flask containing ~250 mL of DI water, crashing 5 from solution. The precipitate was then
collected via vacuum filtration. The collected precipitate was then recrystallized using ~15 mL of
ethanol to yield approximately 1.20 g of CBZ-DPS-Cl in a 77.7% yield. Melting point analysis
was conducted that determined a melting point of 202-204°C after fully drying the compound.
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1

H (DMSO-d6) NMR spectroscopy was performed and the data was compared against the 1H

(DMSO-d6) NMR spectra of 3 & 4 to confirm the structure of 5 (Figure 11).

Figure 11. 1H (DMSO-d6) NMR spectra of F-DPS-Cl (3), CBZ-DPS-Cl (5) and CBZ (4) overlayed to show the removal of the N-H peak,
the movement of Ha and the change in multiplicity of Ha and Hb.

The 300 MHz 1H (DMSO-d6) NMR spectra overlay of 3, 4, and 5 shows that proton e
(singlet, 11.3 ppm), of 4, was removed as the carbazole was attached at the substituted F position
of 3. As the F in 3 was replaced with carbazole a change in the multiplicity of a and b was
observed along with a large change in the chemical shift for a. Proton a went from a doublet of
doublets multiplicity to a doublet splitting configuration, as it only has ortho coupling with b,
and has a chemical shift downfield from 7.47 ppm, in 3, to 7.95 ppm, in 5, due to the substitution
of CBZ for F, in which the N is not as strong of an electron donating group as the F. Proton b has
a change of multiplicity from a doublet of doublets, in 3, to a doublet, in 5, due to the
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substitution of F for CBZ; b has a slight downfield shift from 8.06 ppm in 3 to 8.26 ppm in 5.
The retention of protons f, g, h, and i indicate that the CBZ was correctly substituted to form 5.
In the spectrum for 5 protons b and i are both indicated as doublets and are overlapping at 8.26
and 8.25 ppm, respectively. Proton b has ortho coupling with a while i has ortho coupling with h
to give these designated splitting patterns. Proton f of CBZ appears as an asymmetrical doublet at
7.52 ppm which it has ortho coupling to g. Protons g and h both appear as doublets of doublets,
which almost resemble triplet splitting patterns, at 7.44 and 7.28 ppm, respectively. These
doublet of doublets splitting patterns result from g having ortho coupling with f and h as well as
meta coupling with i, while h has ortho coupling with g and i with meta coupling with f. Protons
c and d retain their doublet splitting and have a slight downfield shift from 7.99 and 7.70 ppm,
respectively, in 3 to 8.10 and 7.77 ppm, respectively, in 5. A 1H NMR spectrum (DMSO-d6) with
calculated integrals was acquired to indicate that the expected number of protons were present in
5 (Figure 12).

Figure 12. 1H (DMSO-d6) NMR spectrum of CBZ-DPS-Cl, 5, with 8 unique proton signals, labeled a-d & f-i, with calculated integrals
of each peak.
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Protons a was calibrated to indicate 2 protons. Protons b & i and f & g were combined
into single integrals and represent ~4 protons. The remaining signals all have integral values of
~2 protons each which indicates the number of expected protons found in 5. A 75.5 MHz 13C
CPD (DMSO-d6) NMR spectrum for 5 was acquired, showing 14 unique C signals labeled a-n,
and was compared against the spectra of 3 and 4 (Figure 13).

Figure 13. 13C (DMSO-d6) CPD NMR spectra overlay of F-DPS-Cl (3), CBZ (4), and CBZ-DPS-Cl (5) with C signals assigned as a-n.

The doublet splitting of C’s a-d is changed to singlet signals as the F is substituted for
CBZ. In the overlay the signals resulting from 4 are labeled i-n and the retention of these peaks
are seen as 6 new signals are present in the spectrum of 5. Carbon a has a very strong up-field
shift from 160.35 ppm, in 3, to 141.83 ppm, in 5, due to the replacement of F with a N of CBZ.
Carbons e, h, and d experience an obvious down-field shift from 3 to 5. Where e and h had
chemical shifts of 134.81 and 134.78 ppm, respectively, in 3 and then appear at 139.78 and
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139.07 ppm, respectively, in 5. Carbon d has a chemical shift of 132.07 ppm, in 3, and appears at
138.63 ppm, in 5. Carbons b and c also experience noticeable down-field shifts from 111.57 and
125.27 ppm, respectively, in 3 to their positions at 120.64 and 130.11 ppm, respectively, in 5.
Carbons f and g have very minimal change in their chemical shift from 3, 124.48 and 123.80
ppm, respectively, to 5, 127.31 and 126.60 ppm, respectively. Carbon i has no noticeable
chemical shift movement from the spectrum of 4 to the spectrum of 5, found at 139.68 ppm.
Carbon m has a large down-field shift from 118.47 ppm, in 4, to 129.67 ppm, in 5. Carbon k also
has a noticeable down-field shift from 125.49 ppm, in 4, to 129.56 ppm, in 5. Carbons n and l
have very minimal up-field shifts from 122.37 and 120.12 ppm, respectively, in 4 to 123.32 and
120.91 ppm, respectively, in 5. Carbon j also has a very minimal up-field shift from 110.93 ppm,
in 4, to 109.86 ppm, in 5.
UV-vis spectrophotometry (Figure 14) was acquired for 3, 4, and 5 in 2µM concentration
samples, dissolved in THF, to confirm that the desired TADF chromophore was present and
would absorb light within the desired wavelength range. The UV-vis spectrum of 3 shows no
absorption of light, in the 300 nm – 600 nm range, which is expected as 3 lacks the chromophore
group, while 4 and 5 have an absorption peak at 335 nm. The absorption peak of 4 is much less
intense in comparison to 5 which is most likely due to the acceptor group, DPS, being present in
5 where 4 is the chromophore alone.
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Figure 14. UV-vis spectra overlay of F-DPS-Cl (3), CBZ (4) and CBZ-DPS-Cl (5) showing an absorption peak at 335 nm by CBZ and
CBZ-DPS-Cl

Using the obtained UV-vis absorption spectra of 4 and 5, fluorescence spectral analysis
were also performed and the spectra are shown in Figure 15. Using the absorption peak of 335
nm as an excitation wavelength fluorescence emission for 4 occurred at 344 and 360 nm, which
were very brief and low in intensity. Using that same excitation wavelength fluorescence
emission for 5 occurred at 413 nm, a near blue shifted emission, which was relatively broad and
intense which is most likely due to the donor-π-acceptor system present in 5. Adachi et. al.
prepared symmetrical versions of 5 and the UV-vis data collected had absorptions in roughly the
same range, 330-370 nm, as well as had similar fluorescence spectra with emission around 400
nm.49 These fluorescence spectra cannot determine the degree to which the TADF process is
actually active without further quantitative measures.
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Figure 15. Fluorescence emission spectral analysis of CBZ, 4, and CBZ-DPS-Cl, 5, at an excitation wavelength of 335 nm, showing
3 different emission peaks 2 associated with CBZ and 1 associated with CBZ-DPS-Cl.

3.3. Synthesis of CBZ-DPS-OH
Compound 5 was used as a substrate for a NAS hydroxylation reaction to substitute the
platform with a hydroxyl group for an eventual alkylation that will serve as an attachment point
to the gene vector. To do so 5 was reacted with an excess (~1:5 molar ratio) of KOH to afford p[p-(9H-Carbazol-9-yl)phenylsulfonyl]phenol (CBZ-DPS-OH), 6 (Scheme 10).

Scheme 10. NAS hydroxylation synthesis of p-[p-(9H-Carbazol-9-yl)phenylsulfonyl]phenol, 6, (CBZ-DPS-OH) from CBZ-DPS-Cl, 5,
using an excess (~1:5 molar ratio) of KOH at a 66.6% yield.

The reaction was initially run at 110°C with a molar ratio of ~1:2 of 5:KOH in which the
KOH was a 50/50 mixture of the salt and water. After an initial run of ~120 hours GC-MS
analysis was performed and, unfortunately indicated that 6 had strong interactions with the
column packing of the GC-MS. This resulted in no observable peaks for 6 in the gas
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chromatogram, therefore analysis for conversion was determined to require use of 1H NMR
spectroscopy. Figure 16 is an initial overlay of 1H NMR (DMSO-d6) spectra of the reaction
mixture at time 0, the reaction mixture at 24 hours and then at 48 hours.

Figure 16. Overlay of 1H (CDCl3) NMR spectra of the reaction mixture at 0 hours, at 24 hours reacted and then at 48 hours
reacted, showing the progression of b1, c1 and d1 peaks shrinking and new peaks (b2, c2 and d2) appearing indicating the
synthesis of CBZ-DPS-OH, 6.

From these NMR spectra the peaks labeled a-d & i were used to monitor conversion. As
can be seen from the initial spectrum of 5, 0 hours spectrum, there are 8 unique proton peaks, but
as the reaction progresses at 24 hours new peaks begin to form. Protons c1 at 8.10 ppm begins to
shrink in overall size as the as a new peak c2 begins to form, overlapping with d1, at ~7.8 ppm,
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which almost gives it a triplet splitting pattern configuration in the 48 hour spectrum. Protons b1,
at 8.26 ppm, as well progressively gets smaller in each spectrum as a b2, at ~8.05 ppm,
progressively increases in size. Proton d shows the most obvious movement in chemical shift as
d1, at 7.77 ppm, has a very strong up-field shift shown as d2, at ~6.15 ppm. Protons a and i have
no noticeable chemical shift throughout the spectra. Integral calculations were done on these
labeled peaks to continue monitoring progress over the 120 hour reaction period, at which the
conversion began to halt ~65%. A new batch of 6 was then synthesize changing the molar ratio
conditions from 1:2 CBZ-DPS-Cl:KOH to 1:2.1 CBZ-DPS-Cl:KOH. The reaction was
monitored via 1H NMR spectrometry over a 150 hour period and halted at ~90 % conversion. A
final batch of 6 was then prepared using an excess of KOH at a molar ratio of ~1:5 CBZ-DPSCl:KOH which after only a 24 hour reaction period, afforded nearly 100% conversion. The
reaction mixture was transferred to a 500 mL Erlenmeyer flask containing ~300 mL of DI water
that was made basic, pH of ~8-9, by addition of K 2CO3. The solution was then vacuum filtrated
to remove any residual 5. Dilute (0.1 M) HCl was added drop-wise until the pH reached ~4
which protonated 6, and decreased it’s solubility considerably. The precipitate was isolated and
then recrystallized using hot methanol, but was discovered that hot methanol once dissolving 6
did not allow for the compound to crash back out, so to cause 6 to precipitate out of the hot
methanol solution small amounts of basic, pH ~8-9, water was added dropwise until solution
began to become cloudy, at which point methanol was then dropwise added until the solution
cleared up. This process was repeated 3-4 times until a precipitate eventually formed at which
point the hot solution was filtered and yielded 6 in ~67% yield. Melting point analysis was
conducted that determined a melting point of 253-254°C after fully drying the compound. The
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1

H (DMSO-d6) NMR spectrum was acquired for 6 and compared against the 1H (DMSO-d6) NMR

spectrum of 5 (Figure 17).

Figure 17. 1H (DMSO-d6) NMR spectra of CBZ-DPS-Cl, 5, and CBZ-DPS-OH, 6, to show the strong up-field shift of d due to the
substitution of Cl with OH.

The 300 MHz 1H (DMSO-d6) NMR spectra of 5 and 6 shows a general retention of
protons i, f, g and h from one compound to the next, these have very minimal chemical shift and
no change in splitting pattern. A slight up-field chemical shift of b is shown from the spectra of
5, at 8.26 ppm, to 6, at 8.16 ppm, with no change in splitting pattern. Proton a shows a slight upfield shift from 5, at 7.95 ppm, to 6, at 7.90 ppm while proton c shows a noticeable up-field shift
from 5, at 8.10 ppm, to 6, at 7.88 ppm. a and c are overlapping slightly to where it appears to be
a quartet but actually are two individual doublets as both only contain ortho coupling, a coupled
to b and c coupled to d. Proton d experiences the most drastic chemical shift from 5, at 7.77
ppm, to 6, at 6.98 ppm, with no change in splitting pattern. This is caused by the substitution of
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the phenol functional group in place of the Cl group, Cl being a relatively strong electron
withdrawing group (EWG) and the OH being a very strong electron donating group (EDG)
causes electron density to be drastically shifted within the molecular structure which results in a
large up-field chemical shift. Integral calculations were done on the individual peaks to confirm
the presence of the expected number of protons in 6 (Figure 18). Due to f and g overlapping
these two peaks were collected into a single integral and calibrated to indicate 4 protons. Protons
a and c were collected into a single integral as well and indicated ~4 protons. The remaining
signals all integrated out to be ~2 protons each giving a total of 16 protons which are to be
expected.

Figure 18. 1H (DMSOd6) NMR spectrum of CBZ-DPS-OH, 6, with signals, labeled a-d & f-i, with calculated integrals for each.
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A 75.5 MHz 13C CPD (DMSO-d6) NMR spectrum for 6 was acquired showing 14 unique
C signals, labeled a-n (Figure 19). With the substitution of the hydroxyl group in place of the Cl
minimal movement occurs for most of the C signals. Carbon h has a very strong down-field shift
due to the electron donating nature of the OH group transitioning from 134.78 ppm, in 5, to
162.32 ppm, in 6. Carbon e then has a relatively strong up-field shift from its chemical shift, at
134.81 ppm, in 5 to its chemical shift in 6, at 130.50 ppm. Carbons c, l and b have no noticeable
change in their respective chemical shifts from 5 to 6. Carbon a, i, j and n as well show no
noticeable change in their respective chemical shifts from 5 to 6. While carbon d has a slight
down-field shift from its position in 5, at 138.63 ppm, to its chemical shift in 6, at 140.38 ppm.
Carbons m and k both experience a slight up-field shift from 129.67 and 129.56 ppm,
respectively, in 5 to 127.16 and 126.52 ppm, respectively, in 6. Carbon f has a noticeable downfield shift from 5 to 6 going from 127.31 ppm to 129.02 ppm, respectively. Carbon g has an upfield shift from 126.60 ppm, in 5, to 116.26 ppm, in 6.

Figure 19. 13C (DMSO-d6) CPD NMR of CBZ-DPS-OH, 6, with signals labeled a-n.
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UV-vis spectrophotometry (Figure 20) was acquired for 6, as a 2µM concentration
sample dissolved in THF, and was compared with the UV-vis spectrum of 5 to observe any
changes in absorption with the substitution of OH for Cl. The UV-vis spectrum of 6 indicates
two absorption maxima one at 326 nm and one at 336 nm which shows a slight change from the
absorption maxima demonstrated by 5 at 335 nm.
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Figure 20. UV-vis spectra overlay of CBZ-DPS-Cl, 5, and CBZ-DPS-OH, 6, showing absorption maxima of CBZ-DPS-Cl at 335 nm
and absorption maxima of CBZ-DPS-OH at 326 and 336 nm.

Both UV-vis absorption maxima found for 6 were then used as excitation wavelengths
for fluorescence spectra analysis. These same excitation wavelengths were then used to excite 5
and obtain a fluorescence spectrum which were then paired together with the corresponding
fluorescence spectrum of 6 (Figure 21, a & b respectively). There is a slight violet shift that
occurs with the replacement of OH for Cl. In the spectrum using the 326 nm excitation
wavelength 5 possess an emission wavelength of 415 nm while the emission wavelength of 6 is
at 393 nm. When the excitation wavelength is changed to 336 nm the emission peaks still show
the same trend, with 5 possessing an emission wavelength of 417 nm and 6 possessing an
emission wavelength of 399 nm.
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Figure 21. Fluorescence spectra of CBZ-DPS-Cl, 5, and CBZ-DPS-OH, 6. a) Fluorescence spectra at excitation wavelength 326 nm
with emission peaks at 393 nm for CBZ-DPS-OH, 415 nm for CBZ-DPS-Cl. b) Fluorescence spectra at excitation wavelength at 336
nm with emission peaks at 399 nm for CBZ-DPS-OH, 417 nm for CBZ-DPS-Cl.

3.4. Synthesis of CBZ-DPS-OHexBr
Using 6 as a precursor, an SN2 alkylation reaction was carried out to attach an alkyl chain
as a “handle” to then be used to eventually attach to the polyethylenimine NVGV. This was
carried out by reacting 6 with a large excess of 1,6-dibromohexane, 7, and afforded the
corresponding 9-{p-[p-(6-Bromohexyloxy)phenylsulfonyl]phenyl}-9H-carbazole (CBZ-DPSOHexBr), 8 (Scheme 11).

Scheme 11. SN2 alkylation synthesis of 9-{p-[p-(6-Bromohexyloxy)phenylsulfonyl]phenyl}-9H-carbazole, 8, (CBZ-DPS-OHexBr)
from CBZ-DPS-OH, 6, and 1,6-dibromohexane, 7, using a (1:5 molar ratio 6:7) at a 76.5% yield.

The reaction was initially run at room temperature, ~22˚C, but fluctuated throughout the
day (between 20˚C to 25˚C), at moderate stirring, ~250 rpm with a 1:5 molar ratio of 6:7. The
reaction showed initially a ~50% conversion after a 72 hour period. Alterations to the procedure
were made, changing setting a more rapid stirring of ~600 rpm and heating the reaction to a
consistent 25˚C for a 72 hour period indicated a nearly 100% conversion of 6 to 8. The work up
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by allowing the acetone to evaporate off and then transferring the remaining solid into a 300 mL
Erlenmeyer flask containing ~150 mL of DI water and was stirred for about 1 hour to remove
any by product salts and residual K2CO3. The water was then decanted off of the solid compound
that remained and it was allowed to dry completely. After fully dried the compound was
transferred to a 125 mL Erlenmeyer flask and ~50 mL of hexanes were added, the solution was
then stirred for ~24 hours to remove an residual 7. Afterwards majority of the hexane solution
was decanted off and the solid compound was then filtered from the remaining solution. The
compound was then dried producing 0.111 g giving a 76.5 % yield. Melting point analysis was
conducted and indicated a melting point of 158-162˚C after completely drying the compound. 1H
(DMSO-d6) NMR spectral analysis was conducted on 8, and the resulting spectrum was
compared to that of 6 to confirm the complete conversion (Figure 22).

Figure 22. 1H (DMSO-d6) NMR spectra of CBZ-DPS-OH, 6, and CBZ-DPS-OHexBr, 8, showing the addition of proton peaks j-o, with j
and o indicating two triplets indicative of the replacement of Br with the formation of the ester on 1,6-dibromohexane.
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A comparison of the 300 MHz 1H (DMSO-d6) NMR spectra of 6 and 8 clearly shows the
retention of proton peaks a-c & f-i with minimal chemical shift movement and no change to
overall splitting patterns. b shows slight down-field shift from its positions, 8.16 ppm, in 6 to its
position, 8.19 ppm, in 8. a shows no noticeable movement up- or down-field. c and d both show
down-field shifts from their original positions in 6 at 7.88 and 6.98 ppm, respectively, to their
positions in 8 at 7.98 and 7.18 ppm, respectively. Protons f, g, h and i show no noticeable
chemical shift movement from 6 to 8. The key identifying peaks are the presence of protons in
the aliphatic region (~0-4 ppm) of the spectrum. 1,6-dibromohexane, 7, due to symmetry
contains a triplet peak ~3.5 ppm, in which upon substitution of one of the Br to form the ester of
8, will be retained as well a new triplet will be formed as the protons located nearest to the O will
have a further down-field chemical shift due to the electron withdrawing nature of O and the
more electron donating nature of Br. Proton j, the proton nearest to the O, contains a triplet
splitting pattern, at 4.07 ppm as it has 2 neighboring protons, k. Proton o, at 3.52 ppm, also is
shown as a triplet as it is coupled to the 2 neighboring protons, n. Protons k-n all have splitting
patterns of quintets as they have 4 total neighboring protons, 2 on either side, that they are
coupled to. n is slightly more down-field, 1.81 ppm, than k, 1.73 ppm. Protons l and m overlap
on top of each other at 1.43 ppm. The peaks indicated by * are from the DMSO-d6 NMR solvent,
the peak at ~3.3 ppm is from the DMSO itself and the peak present at ~2.5 ppm is water that has
accumulated in the stock bottle.
The peaks of 8’s spectrum were then integrated to confirm the expected number of
protons in the compound (Figure 23). Due to the compression of the spectra, to include both the
aromatic (~6-8 ppm) and aliphatic regions (~0-4 ppm), proton signals were included into
grouped integrals. Protons i & b were calibrated to account for 4 protons which resulted in the
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remaining signals to integrate as follows: a & c; ~4, f, g &h; ~6, d; ~2, j; ~2, o; ~2, n & k; ~4
and l & m; ~4 giving a total of 28 protons which are to be expected.

Figure 23. 1H (DMSO-d6) NMR spectrum of CBZ-DPS-OHexBr, 8, with 14 unique proton signals, labeled a-d & f-o, with calculated
integrals for each peak. The peaks labeled with * are peaks from DMSO and water at 3.3 and 2.5 ppm, respectively.

The 75 MHz 13C (DMSO-d6) NMR CPD spectrum of 8 was acquired and shows 20
unique C signals, labeled a-t (Figure 24). There is very little movement for majority of the
retained C peaks, the main area of focus is the addition of C peaks in the aliphatic region (~0-80
ppm). Carbon h has a very slight down-field shift from 162.32 ppm, in 6, to 162.75 ppm, in 8.
Carbons a and d have very small up-field shifts from 141.83 and 140.38 ppm, respectively, in 6
to 141.17 and 140.06 ppm, in 8. Carbon i has a very small up-field shift from 139.68 ppm, in 6,
to 139.35 ppm, in 8. Carbon e has a small down-field shift from 130.50 ppm, in 6, to 132.13
ppm, in 8. Carbon c has a very small up-field shift from 130.11 ppm, in 6, to 129.90 ppm, in 8,
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while carbon f has a very small down-field shift from 129.02 ppm, in 6, to 129.16 ppm, in 8.
Carbons m, k, n, l, b and j experience no noticeable shift from 6 to 8. Carbon g has a very
minimal up-field shift from 116.26 ppm, in 6, to 115.50 ppm, in 8. As previously stated the main
identifier of the addition of the alkyl “handle” is the addition of carbons o-t. Carbon o, the
carbon attached to the O, has the most down-field peak with a chemical shift at 68.13 ppm.
Carbon t, the carbon attached to the Br, is the next farthest down-field peak with a chemical shift
at 32.16 ppm. The carbon that is the next closest to the Br, s, has a chemical shift of 35.10 ppm.
Carbons p, q and r are then found at chemical shifts of 28.19, 27.21 and 24.78 ppm, respectively.
The septet peak found at 39.54 labeled with a * is from the DMSO solvent.

Figure 24. 13C (DMSO-d6) CPD NMR of CBZ-DPS-OHexBr, 8, with the 20 unique C signals labeled a-t, the DMSO solvent is denoted
with a *.
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UV-vis spectrophotometry (Figure 25) was acquired for 8, in a 2µM concentration
sample dissolved in THF, and was paired with the UV-vis spectrum of 6 to observe any
movement of the absorption peak after the alkylation of the hydroxyl group. From the
comparison of the UV-vis spectra there was no change in absorption peaks from 6 to 8, both
having absorption peaks at 326 and 336 nm.
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Figure 25. UV-vis spectra overlay of CBZ-DPS-OH, 6, and CBZ-DPS-OHexBr, 8, with identified absorption maxima of 326 and 336
nm for both compounds.

The UV-vis absorption maxima were then used as excitation wavelengths for
fluorescence spectra analysis and an overlay at each wavelength were collected and compared
(Figure 26 a &b). At both excitation wavelengths 8 shows a slight red shift from 6. At excitation
wavelength 326 nm the emission peak shifts from 393 nm, in 6, to 406 nm, in 8. While at the 336
nm excitation wavelength the emission peak shifts from 399 nm, in 6, to 402 nm, in 8. Also 8
shows a more intense emission peak than what is seen by 6 while at the same 2 µM
concentration which could be attributed to the heavy metal effect due to the presence of Br.
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Figure 26. Fluorescence spectra of CBZ-DPS-OH, 6, and CBZ-DPS-OHexBr, 8, at 326 and 336 nm excitation wavelengths. a)
Fluorescence emission spectra at 326 nm excitation wavelength showing an emission peak at 393 nm for CBZ-DPS-OH and 406
nm for CBZ-DPS-OHexBr. b) Fluorescence emission spectra at excitation wavelength 336 nm showing an emission peak at 399
nm for CBZ-DPS-OH and 402 nm for CBZ-DPS-OHexBr.

3.5. Addition of CBZ-DPS-OHexBr to HPEI NVGV
The final synthetic step is an SN2 reaction to attach the 8 to the NVGV, an isobutyryl
amidated polyethyleneimine (PEI-IBAm0.61), 9. This was carried out by reacting 9, that was 61%
amidated, with 2% equivalence of 8 to afforded a tagged PEI (PEI-IBAm0.61-DPSBlue0.02), 10
(Scheme 12).

Scheme 12. SN2 attachment of CBZ-DPS-OHexBr, 8, with PEI-IBAm0.61, 9, creating the PEI-IBAm0.61-DPSBlue0.02, 10, at a 64.5%
yield.
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The reaction was run at 65˚C with rapid stirring (~600 rpm) for 24 hours at a molar ratio
of 1:3.25:~50 of 8:K2CO3:9. The reaction mixture was worked up by using the house vacuum to
dry off the ethanol solvent. The retained solid, containing any unreacted 8 & 9, K2CO3 and the
afforded 10, were collected and DDI water was added to dissolve everything except the
unreacted 8. The solution was chilled in an ice bath for 2 hours to ensure all polymer was
dissolved into the aqueous solution and was then filtered to remove the unreacted 8. The filtrate
was then dried, over a 24 hour period, under house vacuum to obtain a pre-dialysis mass. Once
dried and a mass was determined the solid contents were redissolved into DDI water and were
subjected to dialysis for a 3 day period with the water changed every 24 hours, at which point the
solution was dried under house vacuum to afford 75.1 mg in a 64.5% yield. 1H (DMSO-d6) NMR
spectrum was obtained for 10 and compared with the spectra of 8 & 9 to confirm the addition of
the 8 (Figure 27).

Figure 27. 1H (DMSO-d6) NMR spectra overlay of the chromophore, 8, PEI-IBAm0.61, 9, and PEI-IBAm0.61-DPSBlue0.02, 10, showing
the addition of the chromophore tag to PEI-IBAm0.61 by the presence of peaks a-d & f-i in the aromatic region. Peaks associated
with the NMR solvent are indicated by *.
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Due to the addition of 8 being at such a small percentage the analysis to determine
addition of the chromophore is focused on the aromatic region, ~6-9 pp, (Figure 28) as 9 has no
aromaticity and so has this region absent of peaks. The presence of the peaks in this region then
in 10 confirms the addition of the chromophore. Comparing the peaks present in 10 to those of 8
there is no noticeable movement of chemical shift for the protons labeled a-d & f-i.

Figure 28. 1H (DMSO-d6) NMR spectrum overlay of the chromophore, 8, PEI-IBAm0.61, 9, and PEI-IBAm0.61-DPSBlue0.02, 10, focused
on the aromatic region (~6.00-9.50 ppm) to show the addition of the chromophore to PEI via the presence of peaks a-d & f-i.
Peaks associated with the NMR solvent are indicated by *.

UV-vis spectrophotometry (Figure 29, a & b) was acquired for 9 and 10 in DDI water as
well as in Dulbecco’s phosphate buffer solution, DPBS. The transfection studies are conducted
in the DPBS and so UV-vis in this solution was required to clarify that there was no significant
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shift in absorption maxima from what was observed in DDI water. There are slight shifts of the
two absorption maxima found in 8, at 326 and 336 nm, to what is seen by 10, at 325 and 340 nm.
There was no difference in absorption maxima of 10 dissolved in DDI and DPBS.

Figure 29. UV-vis spectra of PEI-IBAm0.61, 9, and PEI-IBAm0.61-DPSBlue0.02, 10. a) UV-vis spectra 9 and 10 in DDI water showing
no absorbance by 9 and two absorption maxima by 10 at 325 and 340 nm. b) UV-vis spectra of 9 and 10 in DPBS showing no
absorbance by 9 and two absorption maxima by 10 at 325 and 340 nm.

The fluorescence microscopy studies done to analyze transfection efficiency of gene
vectors uses 340 nm excitation wavelength for analysis. Fluorescence spectrophotometry was
acquired using the 340 absorption maxima of 10 as an excitation wavelength to analyze the
fluorescence spectra of 9 and 10 in DDI water and DPBS (Figure 30, a and b). Compound 8 had
fluorescence peaks at 402 and 406 nm and has a slight red-shift to 410 nm when attached to 9
which is seen by Figure 30a. From here there is a relatively large red-shift when switching the
solvent from DDI water to DPBS as 10 fluoresces at 430 nm in DPBS as seen in Figure 30b.
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Figure 30. Fluorescence spectra of 9 and 10. a) Fluorescence spectra in DDI water showing no fluorescence by the untagged
polymer, 9, and a fluorescence emission at 410 nm by the tagged polymer, 10. b) Fluorescence spectra in DPBS showing no
fluorescence by the untagged polymer, 9, and a fluorescence emission at 430 nm by the tagged polymer, 10.

3.6. Transfection Results
Transfection studies are carried out using 61% amidated, 2% of which is tagged with the
chromophore, sample. The transfection studies consist of a DNA complex formation at 4˚C,
followed by the placement of the DNA-polymer complex on cells at 37˚C. Studies were carried
out using 10-20 µL of PEI-IBAm0.61-DPSBlue0.02, dissolved in DDI water, with 1.4 µg of GFP
plasmid DNA. Complex formation with DNA time is varied in order to determine the necessary
time for polyplex formation. Preliminary information has been shared that transfection was
successful and that PEI-IBAm0.61-DPSBlue0.02 does not show cytotoxicity to the HEK293 cells.
Studies are currently ongoing at this time.
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4. Conclusions
A 3-step synthesis of a novel organic blue TADF chromophore was carried out. An initial
diphenyl sulfone acceptor platform was first prepared to have functional groups with varying
reactivity, F and Cl. Once the platform was successfully prepared a nucleophilic aromatic
substitution reaction was employed to replace the fluorine, due to its higher reactivity relative to
that of the Cl, with a carbazole donor group to afford the initial chromophore species. Upon
synthesis of the initial chromophore, CBZ-DPS-Cl, a second NAS reaction was conducted to
replace the Cl with a hydroxyl group as a site for a subsequent alkylation reaction that introduced
the final handle that served as an attachment point to the gene vector. The third step of the
chromophore synthesis was then an SN2 reaction to alkylate the hydroxylated chromophore,
CBZ-DPS-OH, with 1,6-dibromohexane. The alkylated chromophore, CBZ-DPS-OHexBr, was
then utilized in a final SN2 reaction for attachment to the HPEI NVGV, at a ~ 2% incorportation,
relative to the polymer repeat units. 1H and 13C NMR spectroscopy were conducted to monitor
progress throughout the synthesis process in tandem with UV-vis and Fluorescence spectral
analysis to ensure that the emission from the chromophore would be of a blue color (~400-450
nm). The PEI-IBAm0.61-DPSBlue0.02 NVGV is currently being used in ongoing transfection
experiments in order to track the movements of the NVGV through the delivery mechanism of a
payload, GFP, and after release to determine the ultimate fate of the NVGV in a biological
system, through the use of fluorescence microscopy. Preliminary information has been shared
that transfection was considered successful and that the PEI-IBAm 0.61-DPSBlue0.02 vector
doesn’t show signs of cytotoxicity.
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5. Future Work
Current research has demonstrated the ability to attach a blue TADF chromophore to an
isobutyryl amidated poly(ethyleneimine) with minimal red-shift in order to monitor the
movements of the polymer through transfection experiments to determine the ultimate fate of the
polymer within a biological system. The use of this initial work can be modified to make the
PEI-IBAm0.61-DPSBlue0.02 more selective to specified cells, thereby focusing on the cells that are
desired to be targeted for gene therapy. Modifications of the PEI-IBAm 0.61-DPSBlue0.02 could
also be done to alter the release rate of the payload within the cell, to either be a more rapid or
extended release dependent on the overall efficiency of transfection. Construction of a
calibration curve of dilution of the tagged polymer in solution could be done to show that light
emission doesn’t diminish as concentration of PEI-IBAm 0.61-DPSBlue0.02 becomes less abundant.
A control study, focused on UV-vis and fluorescence analysis of the PEI-IBAm 0.61-DPSBlue0.02
incubated in the cell growth medium could be done to demonstrate that there are no changes to
the PEI-IBAm0.61-DPSBlue0.02 structure due to interactions within the growth medium. Finally,
modifications to the PEI-IBAm0.61-DPSBlue0.02 could be conducted to tune the cytotoxicity of
the polymer in the cells as well as the overall toxicity and biodegradability of the polymer within
a biological organism.
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